We report realisation of structural colour in dielectrics using direct laser write technique. 3D porous dielectric structures with woodpile photonic crystal architecture were fabricated by femtosecond direct laser write lithography in photoresist and characterised structurally and optically. The fabricated samples were found to exhibit resonant high-reflectance bands at visible wavelengths depending on the lattice parameters, and correspondingly, led to coloration of the structure without light absorption or emission. Structural colour was found to originate from slow-light spectral regions occurring in some higher photonic bands at visible wavelengths. Visible coloration in samples with relatively large lattice period, a > 1 µm, can be achieved due to this peculiarity, which helps alleviate the requirement for high resolution of the fabrication, shortened the fabrication time. In the future, similar structures may be useful for preparation of photonic crystal-based environmental and imaging sensors.
INTRODUCTION
Structural colour in dielectric materials arises due to light interference, diffraction, and scattering on internal nano structures with sub-wavelength scale periodic and random modulation of refractive index.
1 Bright angle-independent colour or iridescence in optically transparent materials was initially found in natural periodic systems, such as opals, wings of some bugs and butterflies, fish scales, bird feathers, surfaces of berries, etc.
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These systems can be regarded as prototypes of materials exhibiting pigment-free, non-fading, non-toxic coloration related primarily to optical scattering, but not absorption or emission. Physical origin of the structural colour is closely related to optical high-reflectance bands due to photonic band gap (PBG) or photonic stop-gap (PSG) in spatially periodic photonic crystals (PhC). 3 Replication of structural colour in artificial dielectric materials is of considerable practical interest for various applications. 4, 5 However, achieving this goal in practice is a challenging task, because it requires fabrication of 3D PhC structures with PBG/PSG spectral regions tuned to visible wavelengths, which in turn requires severe downscaling of the PhC lattice period and feature size. Consequently, 3D patterning of materials with sub-micron resolution is required. Although tools used in modern planar lithography and semiconductor nano-processing can provide sufficient resolution, they are natively suited for 2D structuring and can only deliver 3D structures after tedious and costly procedures. Here, we describe realisation of controllable structural colour in dielectrics using an alternative approach natively suited for 3D nano-structuring. Photonic crystals with 3D woodpile architecture fabricated in photoresist using femtosecond Direct Laser Write (DLW) technique [6] [7] [8] were found to exhibit structural colour. The coloration is controllable in the red-green range when feature size and lattice period of woodpile PhC structure are varied. Structural and optical characterisation of the fabricated samples shows that structural colour in these samples should be attributed to modified higher photonic bands located at high frequencies well above the fundamental PSG. This circumstance has allowed us to realise structural colour without the need to severely downscale the PhC lattice period, which makes DLW fabrication faster and easier. In the future this approach might provide a useful route to obtain porous dielectrics exhibiting structural colour for applications such as optical sensing.
EXPERIMENTAL DETAILS
Optical setup used for the DLW experiments is schematically depicted in Fig. 1 (a) . The laser source for DLW was a femtosecond oscillator (Mai Tai, Spectra Physics) with a temporal pulse length of ∼ 100 fs, a central wavelength of λ = 800 nm, and a repetition rate of 80 MHz. The laser beam was attenuated/switched by an acousto-optical modulator (AOM) and focused into the bulk of photoresist film by an oil-immersion microscope objective lens with a numerical aperture NA=1.35. Laser writing was facilitated by translating the sample, which was mounted on a computer-controlled three-dimensional translation stage (Physik Instrumente,P-563.3CD) along a pre-set trajectory. To ensure a proper non-linear exposure of photoresist at the focus, and a sufficient resolution of the DLW, stage translation speed was typically set in the range of 50 − 100 µm/s, while average laser power at the focus was around 2 mW. Opto-mechanical DLW setup, except the laser source, was assembled on a massive granite plate to minimize vibrations and thermal position drift of various parts during the fabrication. In situ observation of the fabrication process employed a light-emitting diode illuminator, and a video camera.
3D woodpile photonic crystal 9 architecture fabricated by DLW technique and its main parameters are explained schematically in Fig. 1(b) . The structure is build from dielectric rods, by arranging parallel rods layers, and stacking the layer planes vertically. In all fabricated samples fixed ratio between the in-plane and vertical lattice periods, denoted as a xy and a z respectively, was maintained such that a z ≈ 0.35a xy , such that symmetry of the PhC unit cell was close to face-centered cubic (fcc). Cross sectional shape of the woodpile rods is elliptical due to inherent elongation of two-photon point-spread function at the focus of the writing laser beam. For the focusing direction along the vertical axis (i.e., normal to the woodpile planes) and NA of the lens used, ratio between the minor (in-plane) and major (vertical) diameters of the ellipse, denoted as d xy and d z respectvely, was d z /d xy 2.7.
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Structural characterization of the fabricated samples was performed using Scanning Electron Microscopy (SEM). Optical reflectivity spectra of the samples were measured using a home-made micro-reflectivity setup at visible wavelengths, and a Fourier-Transform Infra-Red (FTIR) micro-spectrometer (Nicolet Nexus with a Continuum microscope) at near-infrared (NIR) wavelengths. The initial samples for DLW used negative-tone Zr-containing hybrid organic-inorganic photoresist SZ2080 intended for 3D laser lithography applications.
11 Prior to DLW, the resist was drop-cast and dried on a microscope cover glass substrates (Matsunami, thickness of about 180 µm). During the DLW, the laser beam was focused into photoresist through the glass substrate as shown in Fig. 1 . The exposed samples were subsequently developed in 1-propanol:isopropanol (50:50) solution, rinsed in ethanol, and finally dried in a super-critical CO 2 dryer (JCPD-5, JEOL). The latter step was used to eliminate action of capillary forces and prevent destruction of fragile, finely-patterned, highly-porous photoresist structures by capillary forces during conventional drying. 
RESULTS AND DISCUSSION
According to the Maxwell's scaling behavior, 3 frequency of photonic bands, PSGs, and other characteristic features in a PhC band diagram is proportional to the PhC lattice period and inversely proportional to the average refractive index. Design value of the PhC lattice period is set directly prior to DLW fabrication, while average refractive index depends on the dielectric filling ratio in the structure, which is controlled indirectly by adjusting the average laser power and the size the optically exposed region at the focus of the writing beam. Once PhC structural parameters are known, spectral characteristics of structures can be predicted quite precisely using numerical modelling techniques. 13, 14 However, laser intensity variations, photoresist shrinkage, and other factors may modify the eventual structural parameters of the PhC structure. In these circumstances it is useful to fabricate closely-spaced arrays of PhC structures using various combinations of PhC lattice and exposure parameters in order to find the desired optical characteristics. Fortunately, DLW technique allows fast prototyping of many dielectric structures in short time, thus enabling empirical search for suitable parameters. Figure 2(a) shows optical microscopy image of a 2D array of woodpile PhCs taken in reflection mode using imaging lens with NA=0.3 under illumination by a halogen lamp. All samples in the array have the same footprint area of (25 × 25) µm 2 , and number of layers N = 20, but the lattice period a xy and the fabricating laser intensity P las are different. Below we will refer to the structures using parameters (a xy , P las ). The origin point of the array (bottom-left corner) corresponds to a xy = 700 nm and P las = 1.9 mW. Away from the origin, a xy and P las increase with increments of 50 nm and 0.1 mW, respectively. As can be seen from the image, some structures exhibit bright visible colors. The colour and its intensity varies with the PhC lattice period and the laser power. Correlation between the apparent color and the optical reflectivity spectrum is illustrated in Fig. 2(b) . Reflectivity spectra of three structures denoted by numbers in Fig. 2(a) exhibit pronounced optical reflectance bands at visible wavelength. The reflectance bands exhibit a red shift with both a xy and P las (dielectric filling fraction), in qualitative agreement with Maxwell's scaling behaviour, indicating a close relation between photonic bands of the periodic dielectric structure and the observed structural colour.
Optical images and reflectance spectra were acquired using a microscope using lens with numerical aperture NA=0.3 for both sample illumination and imaging, with optical axis oriented parallel to the vertical (layer stacking) direction of the samples. Hence, observations represent statistical convolution of incidence and detection angles within the angular range of ±17 0 with respect to the woodpile layer stacking direction, or Γ − X direction in the reciprocal space. Relative visual and spectral clarity of the colours indicates their directional invariance in the given angular observation range. On the other hand, observation in a wider angular range corresponding to lens with NA> 0.5, leads to distinct coloration being gradually replaced by a uniformly bright white appearance.
While the observed colour most likely originates from periodicity of the PhC, the angular invariance is most likely related to randomness existing in the structure due to local deformations, photoresist shrinkage, and photoresist surface roughness, and optical scattering introduced by these factors. The role of disorder might be similar to that found previously in analysis and replication of angularly-invariant structural color of Morpho butterfly wing.
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Below we focus on the physical origin of the observed structural colour. According to Fig. 2, 3D woodpile structures which exhibit structural colour in the green-red range, have nominal structural parameters described by in-plane rod-to-rod spacing a xy ≈ 700 − 1000 nm, and plane-to-plane spacing of a z = a xy √ 2/4. Lateral width of the photoresist rods, which is controlled indirectly during DLW via average laser power and writing speed, is in the range of d xy = 80 − 150 nm (see SEM image in Fig. 4 below) . Actual values of these parameters might be slightly lower due to photoresist shrinkage, which may reach about 7 − 10 %, depending on the writing laser power. Using the nominal structural parameters and assuming refractive index of photoresist n ≈ 1.6, numerical simulation of optical reflectance spectra was performed using Finite-Difference Time-Domain (FDTD) simulation in order to reveal essential optical characteristics of ideal 3D woodpile model structures. Typical result of these simulations is shown in Fig. 3 (a) . As can be seen, reflectivity band at lowest frequency/longest wavelength is expected to occur in the NIR spectral range around the wavelength of 1400 − 1600 nm. This spectral region is emphasised by the grey rectangle and is labelled as 1. Another reflectance band important for this study near the 600 nm wavelength is also emphasised by a grey rectangle and is labelled as 2. The latter band belongs to the visible range and may cause structural colour in Fig. 2 (a) . We ignore weaker high-reflectivity features centred around 800 nm wavelength, because they can not strongly contribute to visible coloration of the PhC.
To gain further insight into physical origin of reflectance bands in the model structure, photonic band diagram for the same structure was simulated using freely available MIT Photonic Bands software. 13 The band diagram is shown in Fig. 3 (b) . In the band diagram, normalised frequency ranges corresponding to the two high-reflectance bands in the previous plot are outlined by grey rectangles and corresponding numbers. The rectangles span Γ−X wave vector range because this direction is parallel to the woodpile stacking direction. Data in Fig. 3 (a,b) shows that the NIR reflectance band 1 spectrally coincides with the fundamental PSG of the 3D woodpile structure. The visible reflectance band 2 is found at approximately double frequency of the fundamental PSG. Although such relationship may indicate presence of second-order PSG in the structure, photonic band diagram does not exhibit any gaps at the corresponding frequencies. Therefore, other physical mechanisms should be held responsible for visible reflection band. One of the most likely mechanisms will be discussed below. Next, we examine experimentally determined structural and optical properties of real samples in some detail. Figure 4 (a) shows SEM images a woodpile PhC sample which exhibited deep-red structral colour in optical observations. From the SEM images, actual in-plane PhC lattice parameters modified due to photoresist shrinkage can be determined. For the given sample, nominal in-plane lattice period a xy = 1 µm has decreased to a xy = 940 nm, signifying ≈ 6% shrinkage. We assume that vertical lattice period a z has been also reduced by a similar amount due to shrinkage. Shrinkage is also revealed in the image of the entire sample shown in Fig. 4 (a) by different sample size at bottom, where sample adheres to the glass substrate, and at the top, which shrinks freely. Nonuniform shrinkage of the samples across their height may be one of the reasons responsible for spectral broadening and suppression of the experimentally measured reflectance bands. In-plane diameter of the photoresist rods d xy ≈ 130 nm is also estimated from the SEM image, while their vertical (axial) diameter is inferred assuming axial elongation by the factor of 2.8, as described earlier.
Optical reflectivity spectrum simulated by FDTD technique using experimentally determined structural parameters of the PhC is shown in Figure 4 (b). This spectrum is also dominated by two high reflectance bands labelled by numbers 1 and 2. The fundamental PSG region 1 is centred near the 1400 nm wavelength and the second prominent reflectance band 2 is centred near the 680 nm wavelength. The same plot also shows experimentally measured reflectivity of the sample. The experimental result consists of two spectra, the first of them measured at visible wavelengths using micro-reflectance setup, and the second spectrum measured at NIR wavelengths using micro-FTIR setup. The two experimental spectra do not overlap, and experimental data between 820 and 1100 nm is not available for full comparison. Nevertheless, the data experimental reveals the essential reflectance bands seen in the simulations, and qualitative agreement between the spectral positions of reflectance bands in simulated and experimental spectra is good.
Finally, we consider possible physical origin of reflectance band 2 responsible for the structural colour. Woodpile architecture photonic crystals are known to possess a fundamental PSG between second and third bands.
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For some woodpile geometries, pronounced second and higher-order PSGs between higher photonic bands with corresponding reflectance bands can open at high frequencies. According to the literature, 15, 16 these higherorder PBGs open in woodpile PhCs with non-fcc unit cell strongly stretched along the vertical (layer stacking) direction, when ratio a z /a xy > 1. For smaller stretching when a z /a xy → √ 2/4 approaching fcc unit cell, number and spectral intensity of higher-order PSGs quickly decreases. This trend, and absence of frequency gap between photonic bands along Γ − X direction in vicinity region 2 in Fig. 3 shows that higher-order PSG does not occur in our samples. Therefore, they can not be held responsible for the observed structural colour. On the other hand, Fig. 3 (b) illustrates that region 2 features several photonic bands having low slopes near the X point. These regions are associated with slow light propagating with low group velocity v g = dω dk . Within these spectral regions, assuming ideal semi-infinite 3D PhC structure, "fast" optical wave incident from the free space has to undergo conversion to a slow-light Bloch mode inside the PhC. The conversion leads to significant coupling losses and back-scattering, even if forbidden spectral ranges are absent. Physical mechanism and minimisation of the coupling losses are particularly important for slow-light optical waveguides. 17 We assume tentatively that high reflectivity due to coupling losses causes the structural colour in our samples. We have conducted preliminary theoretical modelling of photonic band dispersion relations near the X point. These simulation indeed reveal significantly lower group velocities at several frequencies within the spectral region 2. Further details of this characterisation will be published in future. We stress here that systematic variation of the sample colour with lattice period and writing laser power seen in Fig. 2 can be explained by the Maxwell frequency scaling mechanism.
CONCLUSIONS
In this study we have reported realisation of structural colour in laser-structured dielectrics. 3D porous dielectric structures with woodpile PhC architecture were fabricated by femtosecond direct laser write lithography in photoresist, and were found to exhibit resonant high-reflectance bands at visible wavelengths leading to their coloration. Experimental and theoretical characterisation of the samples have indicated that the structural colour occurs due to strong optical reflectivity associated with slow light in the PhC. This finding has one attractive feature for future applications. Since high-frequency photonic bands are responsible for the slow light effect, central frequency of the high reflectivity region is relatively high. As a consequence, it is possible to obtain strong reflectivity bands at visible wavelengths without the need to severely downscale the lattice period. Previously, this advantage was exploited mainly using high-order PSGs. 15, 16 Fcc woodpile structure fundamental PSG tuned to visible range would require lattice parameter a xy ≈ 400 − 500 nm, 18 samples used in this study have somewhat larger a xy ≈ 700 − 1000 nm, which can help alleviate the requirement for high resolution DLW and shorten the fabrication time.
Another practically important aspect of porous dielectrics with structural colour is their similarity to naturally existing nano-structures, such as blue wing scales of Morpho butterfly. 19 Recently, remarkable sensitivity of Morpho wing scale colour to vapors 20 and IR radiation 21 was discovered, suggesting possible application of artificially fabricated similar systems for environmental sensing and infra-red imaging. Porous photoresist structures fabricated in this study may serve as building blocks of novel seining and imaging devices.
